Phosphohistone H3 assessed proliferation has strong prognostic value. Lymph vessel invasion by D2-40 is also prognostic, but D2-40 þ myoepithelial expression in small ducts completely filled by solid-pattern ductal carcinoma in situ can mimic lymphovascular invasion. As myoepithelial cells are also p63 positive, we have investigated whether lymph vessel invasion identified by combined D2-40/p63 is stronger prognostically than by D2-40 alone, and whether it has independent prognostic value to phosphohistone H3. In 240 operable T 1-2 N 0 M 0 node negative invasive breast cancer patients o71 years, phosphohistone H3 was determined by quantitative immunohistochemistry and lymph vessel invasion by D2-40/p63 double immunostaining. Correlation analysis between the clinico-pathologic factors and lymph vessel invasion, and univariate and multivariate prognostic survival analysis were performed. With median 117 (range: 12-192) months follow-up, 36 patients (15%) developed and 28 (12%) died of distant metastases. Ten of the 61 patients (16%) with cancer cells surrounded by D2-40 were p63 positive and none of these 'false lymph vessel invasion' recurred. D2-40 þ / p63À lymph vessel invasion occurred in 51/239 (21%) cases and correlated with grade, mitotic activity index, phosphohistone H3, ER, cytokeratin14, and HER2. D2-40 þ /p63À lymph vessel invasion was strongly prognostic, but far more in women Z55 than those o55 years (Po0.0001 and 0.04). With multivariate analysis, phosphohistone H3 proliferation was the strongest single prognosticator. Lymph vessel invasion had additional prognostic value to phosphohistone H3 only in women Z55. This group of patients, without/with lymph vessel invasion, had 10-year survival rates of 83 and 50%, respectively (hazard ratio-lymph vessel invasion ¼ 3.0, P ¼ 0.04; hazard ratio-phosphohistone H3 ¼ 6.9, P ¼ 0.002). Where age was o55 years, only phosphohistone H3 had independent prognostic value. Combinations of other features had no additional value. In conclusion, T 1-2 N 0 M 0 invasive breast cancer patients Z55 years with phosphohistone H3Z13, D2-40 þ /p63À defined lymph vessel invasion identifies a subgroup with a high risk of distant metastases.
Breast cancer is a heterogeneous disease, encompassing a number of distinct biological entities. Traditionally, invasive breast carcinomas are classified and treated according to hormone receptor status, stage, grade, age, and other characteristics. More recently, classification of patients according to HER2 for selection for trastuzumab treatment has become a standard procedure in many laboratories.
Lymph node-negative breast cancer has a relatively good prognosis (10-20% mortality). Improvement of survival with adjuvant systemic chemotherapy is less substantial in lymph nodenegative patients than in lymph node-positive patients: the typical survival improvement is 35% relative, and 10% absolute. 1 Discomfort, cost, and the sometimes serious side effects of adjuvant systemic therapy must be balanced against the relatively good prognosis and moderately favorable prognostic treatment effect in this subgroup of patients. Accurate and reliable prognostic markers could be valuable in decision making regarding whether to use adjuvant systemic therapy or not. Previous studies have shown that proliferation assessed by either mitotic activity index or phosphohistone H3 has strong prognostic value. [2] [3] [4] This is in agreement with gene expression array studies. [5] [6] [7] For example, patients with a high proliferation index in general have a 3.5-5 times higher risk of developing and dying from distant metastases than those with a low proliferation. 2 In spite of their prognostic superiority, neither mitotic activity index nor phosphohistone H3 obtain an optimal accuracy and only 30-40% of patients with high proliferation die from their disease. It is therefore important to evaluate whether other potentially important and biologically understandable features have independent (additional) prognostic value. Vessel invasion is an attractive option, and its prognostic value has been known for many decades as an important marker for breast cancer progression. 8, 9 Lymphatic vessel invasion has been conventionally assessed on hematoxylin-eosin-stained sections, but this assessment tends to be subjective. Other studies have used immunohistochemistry to assess vessel invasion (for an overview, see Mohammed et al 10 ) . The monoclonal antibody D2-40 has often been used as a marker of lymphatic endothelium to identify tumor emboli in lymph vessels. 11 However, D2-40 does not only stain lymph vessels but also breast myopethelial cells (Figure 1 ). The growth pattern of tumor cells surrounded by D2-40-positive myoepitelial cells generally enables distinction of ductal carcinoma in situ from lymphovascular invasion. However, D2-40 myoepithelial expression in small ducts completely filled by solid-pattern ductal carcinoma in situ can mimic the pattern expected for lymphovascular invasion. 12 We have therefore used double staining for lymph vessels by D2-40 and p63 (which stains myoepithelial cell nuclei). D2-40 þ /p63 þ are myoepithelial cells, whereas D2-40 þ / p63À structures are lymph vessels. This enables a more reliable differentiation between ductal carcinoma in situ and lymphovascular invasion.
Most studies have found that lymph vessel invasion is an important prognostic marker. However, those studies often used a combination of node negative and positive breast cancers, and patients from all ages (see Table 1 ). Inevitably, these patients are heterogeneous both in behavior and treatment received. Therefore, the prognostic value in an important group, ie node negative operable patients at a younger age, is as yet uncertain. Therefore, we have studied lymph-node negative invasive breast cancer patients under 71 years of age only, as breast cancers in elderly patients tend to behave somewhat differently and the treatment may also be more varied. We have also investigated whether phosphohistone H3 and D2-40/p63 defined lymph vessel invasion have independent prognostic value in these patients.
Materials and methods
This study was part of a larger breast cancer study approved by the Regional Ethics Committee, the Norwegian Social Science Data Service, and the Norwegian Data Inspectorate. Paraffin-embedded material from 684 consecutive invasive breast cancer patients o71 years old with operable breast cancer treated between 1990 and 1997 was provided by the Department of Pathology at the Stavanger University Hospital (Stavanger, Norway). Of these patients, 384 were node negative. The following patients were excluded: patients who received adjuvant treatment (n ¼ 90), patients with carcinoma in situ only or extensive carcinoma in situ with a 
or previous other malignancies (n ¼ 2). Paraffin material was not available for 21 patients, leaving 240 patients for analysis. There was no difference in age or tumor size in the 240 patients when compared with the original 384 patients. All patients were treated with either modified radical mastectomy (n ¼ 131) or breast-conserving therapy (n ¼ 109), but all with adequate lymph node dissection (at least 10, median 13 nodes were examined). Locoregional radiotherapy was administered to patients who underwent breast-conserving therapy or had medially localized tumors.
Pathology
The post-surgical size of the tumor was measured in fresh specimens. Tumors were cut into 0.5 cm slices, fixed in 4% buffered formaldehyde, and embedded in paraffin. Paraffin sections were cut into highly standardized 4-mm sections for hematoxylin-eosin and immunostaining. Histological type was assessed according to World Health Organization criteria. 17 Grade (grade 1 ¼ 3, 4, or 5; grade 2 ¼ 6 or 7; grade 3 ¼ 8 or 9) was assessed according to the Nottingham modification, 18, 19 calculated as the sum of tubule formation (475% ¼ 1, 10-75% ¼ 2, and o10% ¼ 3), nuclear atypia (mild ¼ 1, moderate ¼ 2, and marked ¼ 3), and mitotic activity index class (0-5 ¼ 1, 6-10 ¼ 2, and 410 ¼ 3). The mitotic activity index was assessed as described elsewhere. 20 Briefly, all unambiguous mitoses were counted in 10 consecutive neighboring fields of vision in the most cell-dense area (1.59 mm 2 at specimen level), usually in the peripheral growing zone. The mitotic activity index is insensitive to variations in tissue processing. [21] [22] [23] All hematoxylin and eosin-stained sections from the tumors (median 4, range: 3-6) were reviewed and two sections were chosen for immunohistochemical analysis on the basis of: highest percentage of tumor, impression of possible lymphovascular invasion, and least tissue processing artefacts.
Immunohistochemistry
Antigen retrieval and antibody dilution were optimized prior to the study onset, similar to our previous study. 24 To ensure uniform handling of samples, all sections were processed simultaneously. Paraffin sections adjacent to the hematoxylin and eosin-stained sections used for assessment of mitotic activity index and histology were mounted onto Superfrost Plus slides (Menzel, Braunschweig, Germany) and dried overnight at 371C followed by 1 h at 601C Sections were deparaffinized in xylene and rehydrated in decreasing concentrations of alcohol. Antigen was retrieved with a highly stabilized retrieval system (ImmunoPrep, Instrumec, Oslo, Norway) using 10 mM TRIS/ 1 mM EDTA (pH 9.0) as the retrieval buffer. Sections were heated for 3 min at 1101C followed by 10 min at 951C and cooled to 201C. Rabbit polyclonal antiphosphohistone H3 (ser 10) (Upstate #06-570; Lake Placid, NY, USA) was used at a dilution of 1:1500. ER (clone SP1, Neomarkers/LabVision, Fremont, CA, USA) was used at a dilution 1/400. PR (Clone SP2, Neomarkers/LabVision) was used at a dilution of 1/1000.
Anti-phosphohistone H3 was incubated for 60 min at 221C. All other antibodies were incubated for 30 min at 221C. For HER2 assessment, the HercepTest kit (Dako, Glostrup, Denmark) was used according to the manufacturer's FDA-approved procedures. HercepTest 2 þ and 3 þ cases were retested with the PathVysion (Vysis, Downers Grove, IL, USA) assay following the manufacturer's FDAapproved recommended protocols. Only HER2 amplified cases were regarded as positive.
The sections were incubated with a primary antibody cocktail of p63 (Dako, clone 4A4) and D2-40 (Dako, clone D2-40). The primary antibodies were diluted to a final dilution of 1:1200 and 1:200, respectively. Dako antibody diluent (S0809) was used. The EnVisiontFlex detection system (Dako, K8000) was used for visualization. Sections were incubated for 5 min with peroxydase-blocking reagent (SM801), 20 min with the EnVisiont FLEX/HRP Detection Reagent (SM802), 10 min with EnVisiont FLEX DAB þ Chromogen (DM827)/ EnVisiont FLEX Substrate Buffer (SM803) mix and 5 min with EnVisiont FLEX Hematoxylin (K8008). The slides were then dehydrated and mounted. All immunohistochemical stainings were performed using a Dako Autostainer Link 48 instrument and EnVisiont FLEX Wash Buffer (DM831).
Quantification of Phosphohistone H3-Positive Nuclei
The phosphohistone H3 index was assessed as follows: using the same counting protocol as for the mitotic activity index, two independent pathologists counted the number of phosphohistone H3-positive objects (nuclei and mitoses) in 10 adjacent fields of vision, with a Â 40 objective, as described above, in the same invasive epithelial portions of the most phosphohistone H3-positive areas. Nuclei with fine granular phosphohistone H3 staining were not counted, as these cells are not in the G2 phase. 25 Phosphohistone H3-rich areas are usually localized in the periphery (ie, growing zone) of the cancers. If the counts of the two observers differed by more than three figures, the count was repeated with a multi-head microscope and a consensus score was obtained. In addition to performing subjective counts, phosphohistone H3 expression was evaluated using the fully automated VIS analysis system (Visiopharm, Hørsholm, Denmark), and using the same image processing principles as described before. 24 Reproducibility of the phosphohistone H3 measurements between subjective counts by two observers, and between subjective and digital image analysis results was high (R ¼ 0.94-0.98). Not surprisingly, the reproducibility of the phosphohistone H3 counts by the automated digital image analysis on different days by different observers was close to perfect (R ¼ 0.99). 3 
Evaluation of D2-40/p63 IHC Lymph Vessel Invasion
All sections were carefully and completely scanned by two of the authors (EG and EU) without knowledge of the lymph vessel invasion status based on hematoxylin and eosin slide or the original report. The presence of an intraluminal tumor cluster completely surrounded by strong cytoplasmic D2-40 expression by lymphatic endothelial cells without p63 nuclear staining was considered true lymph vessel invasion (D2-40 þ /p63À) and both were registered per case (Figure 2) . The results were analyzed as lymph vessel invasion negative or positive, and the number of lymph vessel invasion þ per mm 2 cancer tissue was also evaluated. Intratumoral lymphatic vessels were extremely rare (n ¼ 7), whereas most lymphatic vessels were located at the boarder of the invasive tumor front and surrounding stroma, as reported previously.
12,16

Data Analysis
Correlations were calculated using the Spearman and k tests. For survival analysis, the main end points were distant metastases recurrence, and overall distant metastases-related survival (a previous study on node negative patients showed that lymph vessel invasion was only prognostic for distant metastases 11 ). To determine the probability that patients would remain free of distant metastases, we defined recurrence as any first recurrence at a distant site. Patients were censored from the date of the last follow-up visit for death from causes other than breast cancer, local or regional recurrences, or the development of a second, primary cancer, including contralateral breast cancer. If a patient's status during follow-up indicated a confirmed metastasis without a recurrence date, the follow-up visit date was used. Age, time to first recurrence, and survival time were calculated relative to the primary diagnosis date. For the mitotic activity index, three sets of previously established prognostic thresholds (o6, 6-10, Z11, 26 o10 vs Z10; and o3, 3-9, and Z10) 27 were examined. There was a continuous spectrum of phosphohistone H3 values from very few, to many, positive nuclei. For survival analysis, these continuous data were divided into different subgroups, using a threshold value. We used receiver operating curves to identify the objectively optimal threshold. Kaplan-Meier survival curves were constructed, and between-group differences were tested using the log-rank test. The relative importance of potential prognostic variables was tested using Coxproportional hazard analysis and expressed as a hazard ratio with a 95% confidence interval.
The results are presented in accordance with reporting recommendations for tumor marker prognostic studies criteria. 28 
Results
With median 117 (range: 12-192) months follow-up, distant metastases occurred in 36 patients (15%), with 28 (12%) dying of metastases. Lymph vessel invasion was seen in 51/240 ¼ 21% of the cases. D2-40 staining showed that very few lymph vessels were present within the tumor mass and most of the lymphatic channels were peritumoral. The D2-40 staining pattern in lymphatic endothelium was strong and cytoplasmic. In some cases, the tumor emboli either nearly filled or completely filled the lymphatic space mimicking solid-type ductal carcinoma in situ, but lack of p63 nuclear expression proved these emboli to be true lymph vessel invasion (Figure 3) . Ten of 61 cancers (16%) with D2-40 'lymph vessel invasion' were p63 positive and none of these recurred. We, therefore, only considered D2-40 þ /p63À as lymph vessel invasion. The presence of D2-40 þ /p63À lymph vessel invasion correlated with grade, mitotic activity index, phosphohistone H3, ER, CK14, HER2 (correlation with age was insignificant, P ¼ 0.08). Table 2 shows the results of univariate survival analysis. Lymph vessel invasion was prognostic (Figure 4 ), but much stronger in older women of Z55 years (Po0.0001, hazard ratio ¼ 5.9) than o55 years (P ¼ 0.04, hazard ratio ¼ 2.7). With multivariate analysis (Tables 3  and 4) , phosphohistone H3 was the strongest single feature (hazard ratio ¼ 9.6, Po0.001). Lymph vessel invasion had additional prognostic value (hazard ratio ¼ 3.0, P ¼ 0.04) to phosphohistone H3 (hazard ratio ¼ 6.9, P ¼ 0.002) ( Figure 5 ). However, where age was o55 years, only phosphohistone H3 had independent prognostic value (P ¼ 0.006), but not lymph vessel invasion (P ¼ 0.22) nor any of the other features studied. In women Z55 years with phosphohistone H3Z13, lymph vessel invasion absent or present gave 83 and 50% 10-year survival rates (P ¼ 0.04), respectively, but if phosphohistone H3o13, lymph vessel invasion was not significant (P ¼ 0.26). Other combinations of features had no additional value to phosphohistone H3.
Discussion
Previous studies have shown that proliferation assessed by either mitotic activity index or phosphohistone H3 has strong prognostic value. Lymph vessel invasion is promising, but the results are often conflicting. For example, in hematoxylin and eosin sections, the assessment is too subjective. D2-40 is much better, but next to lymph vessels it also stains myoepithelial cells, which can lower the prognostic accuracy. Double staining by D2-40 and p63 can distinguish lymph vessels and myoepithelial cells. In the present study of T 1-2 N 0 M 0 node negative breast cancer patients, we found that 16% of all cancers with D2-40-only defined lymph vessel invasion, are positive for p63. Those structures thus reflect myoepithelial expression in small ducts completely filled by solid-pattern ductal carcinoma in situ and mimick lymphovascular invasion. None of these patients recurred. However, lymph vessel invasion defined by combined D2-40 and p63 has strong prognostic value. Further analysis showed that this is mostly in women Z55 years BCT, breast concerving therapy; BLC, basal-like carcinoma; CK14, cytokeratin 14; CK5/6, cytokeratin 5/6; ER, estrogen receptor; FF, fibrotic focus; HER2, human epidermal growth factor receptor 2; MAI, mitotic activity index; MRM, modified radical mastectomy; PPH3, phosphohistone H3; PR, progesterone receptor; TNP, triple negative carcinoma; P, probability of no difference. of age, especially with highly proliferating cancers (ie, phosphohistone H3Z13) where lymph vessel invasion assessed by D2-40 þ /p63À identifies a subgroup of 10% of all patients with a very high risk of distant metastases. In women o55 years, only phosphohistone H3 had independent prognostic value.
This is an important finding, as lymph vessel invasion has been proposed as a criterion for adjuvant chemotherapy. However, this improves the prognosis mostly in node negative breast cancer patients o55 years. We showed that in these patients, lymph vessel invasion has no additional prognostic value to phosphohistone H3. This makes adjuvant chemotherapy in patients with lymph vessel invasion but low proliferation, a highly questionable procedure.
One problem of the combined D2-40/p63 analysis is that it is time consuming. The question therefore is whether lymph vessel invasion is of any value at all in selecting node negative breast cancer patients for adjuvant chemotherapy, as phosphohistone H3Z13 is already associated with a poor prognosis, and lymph vessel invasion negativity still shows a 17% risk of developing distant metastases. Gene signature studies have set the risk threshold for no-adjuvant treatment at 5-10%. Obviously, a 17% distant metastases risk may in general be too high to not give adjuvant chemotherapy, but this may vary from patient to patient, and from one country to the other.
We conclude that in operable T 1À2 N 0 M 0 invasive breast cancer patients, lymph vessel invasion has strong prognostic value but mostly in women Z55 years of age with phosphohistone H3Z13, where lymph vessel invasion assessed by D2-40 þ /p63À identifies a subgroup with a very high risk of distant metastases. In women o55 years, only phosphohistone H3 has independent prognostic value. 
